Estimates of crustal thicknesses using Pn times and receiver functions agree well for the southern part of the Kaapvaal craton, but not for the northern region. The average crustal thicknesses determined from Pn times for the northern and southern regions of the craton were 50.52 ± 0.88 km and 38.07 ± 0.85 km respectively, with corresponding estimates from receiver functions of 43.58 ± 0.57 km and 37.58 ± 0.70 km. The lower values of crustal thicknesses for receiver functions in the north are attributed to variations in composition and metamorphic grade in an underplated, mafic lower crust, resulting in a crust-mantle boundary that yields weak P-to-SV conversions. P and S wavespeeds in the uppermost mantle of the central regions of the Kaapvaal craton are high and uniform with average values of 8.35 and 4.81 km/s respectively, indicating the presence of depleted magnesium-rich peridotite. The presence of a low wavespeed zone for S waves in the upper mantle between depths of 210 and about 345 km that is not observed for P waves was inferred outside the Kaapvaal craton. The 410 km discontinuity shows similar characteristics to that in other continental regions, but occurs slightly deeper at 420 km. There is no evidence for a discontinuity near 520 km depth. The 660 km discontinuity also appears to be slightly deeper than average (668 km), and is poorly defined for P waves, but clear for S waves.
Introduction
The Archaean Kaapvaal craton and adjacent Proterozoic mobile belts cover much of southern Africa (Fig. 1) . A feasibility study on the use of mine tremors in South Africa for determining crustal structure was pioneered more than fifty years ago by Gane et al. (1946) . P and S waves from these mining-induced events were subsequently used to determine the wavespeed structure of the crust and uppermost mantle around the Witwatersrand basin (Willmore et al., 1952; Hales and Sacks, 1959; Durrheim and Green, 1992; Durrheim, 1998) . However, only recently have such events been used in conjunction with local and regional tectonic events to determine regional travel-time curves and earth structure from the surface to depths of 800 km Wright et al., 2002) .
There have been few seismological studies of earth structure within southern Africa compared with many other areas of the world such as Australia, North America and western Europe, so that there is a need for better definition of the structure of the underlying crust and mantle to understand cratonic evolution and to enable earthquakes to be more accurately located. Between April 1997 and April 1999, a network of broad-band seismic instruments was deployed across southern Africa (Carlson et al., 1996) as part of the international Kaapvaal craton programme (Fig. 1) . The main objective of this seismic experiment was to derive tomographic images of the crust and mantle to depths of about 1000 km using recordings of teleseismic earthquakes (i.e. earthquakes at distances greater than 3300 km) . However, the network also recorded local (distances less than 300 km) and regional earthquakes (distances between 300 and 3300 km), thus enabling more detailed information on the seismicity of southern Africa to be obtained over a 25-month period. The seismicity of South Africa is dominated by mining-induced events on the margin of the Witwatersrand basin, which, because of accurate locations (epicentres and focal depths with errors less than 400 and 500 m respectively), provide excellent information on earth structure .
The seismological structure of the upper mantle and transition zone below southern Africa has recently been studied by several different methods (Freybourger et al., 2001; James et al., 2001; Silver et al., 2001; Stankiewicz et al., 2002) . The present work uses a different approach: the use of travel times and waveforms of P and S arrivals (Walck, 1984; Ryberg et al., 1998) .
The high density of seismic stations of the Kaapvaal craton broad-band network (Carlson et al., 1996) enables the average body wavespeed structure beneath southern Africa to be reliably defined. The present work builds on earlier studies of the mantle below southern Africa (Bloch et al., 1969;  of southern Africa (after Simon et al., 2002) . BC-Outer boundary of surface outcrops of Bushveld complex; CFB-Cape Fold belt; LB-Limpopo belt; NNMB-Namaqua Natal mobile belt; WB-Witwatersrand basin; ZC-Zimbabwe craton. Open and closed circles and squares denote stations of the Kaapvaal broad-band network that operated from April 1997 -April 1998 , April 1997 -April 1999 and April 1998 -April 1999 . Triangles denote stations of the South African national network (SANSN), and asterisks broad-band stations of the Global Seismological Network (GSN) or permanent long-period stations. Cichowicz and Green, 1992; Qiu et al., 1996; Zhao et al., 1999) by improving resolution of deep-seated structures and extending models to depths of 800 km. We compare the P wavespeed results with the preferred model (SATZ) of Zhao et al. (1999) because it was derived using a similar kind of data for a region just to the north of the present study area. The GNEM model (Generalised Northern Eurasia Model) of Ryberg et al. (1998) for northern Eurasia allows a comparison with the upper mantle and transition zone below a region in a different continent. The S wavespeed model is compared with that of the model for southern Africa derived from surface waves (Qiu et al., 1996) and with those from other parts of Gondwanaland (Dey et al., 1993; Kennett et al., 1994; Kaiho and Kennett, 2000) . A comparison with the IASP91 models for P and S waves of Kennett (1991) is also provided, since they are modern reference wavespeed models in which the upper mantle components are weighted by data from both oceanic and continental regions. There are four main objectives of the present study. The first is to determine whether or not there are regional variations in the seismic P and S wavespeeds within the uppermost mantle, and to define variations in crustal thicknesses beneath the Kaapvaal craton using Pn arrivals from mininginduced earthquakes. Comparison of the results with those from receiver functions (Nguuri et al., 2001) provides complementary information on the structure and properties of the lower crust and uppermost mantle. Therefore, the second objective is to compare crustal thicknesses estimated using receiver functions and refracted arrivals to assist better understanding the seismic properties and petrology of the lower crust. The results can then be used to define starting models for tomographic inversion for the structure of the crust and uppermost mantle of the Kaapvaal craton and surrounding regions.
The final two objectives concern mantle structure. The first is to derive average P and S wavespeed models beneath southern Africa from the surface to depths of 800 km. The second is to identify any unusual features that might provide distinctive information on composition. The paper brings together recent seismological results from the Kaapvaal craton and adjacent regions, emphasizing the newest results.
Data Acquisition and Geological Setting
Data used in this study are from local and regional earthquakes and mining-induced tremors recorded by the Kaapvaal network, supplemented by arrival times measured at the South African national seismic network (SANSN) at distances less than 10
• (Fig. 1 ) . The Kaapvaal network consisted of 84 broad-band stations deployed across southern Africa over a 25-month period from April 1997 until April 1999, with over fifty stations in operation at a given time (Carlson et al., 1996; Simon et al., 2002) . The broad-band sensors formed a grid network with an average spacing of about 100 km. Permanent broad-band or longperiod stations (shown as asterisks), which augmented the data from the Kaapvaal network, and the stations of SANSN are also plotted in Fig. 1 . Figure 1 shows the most important tectonic elements of southern Africa (de Wit et al., 1992) . The Archaean Zimbabwe and Kaapvaal cratons are separated by the late Ar-chaean Limpopo belt. The curves labelled BC define the outer limits of the surface outcrops of the mafic intrusions of the Bushveld complex emplaced at 2.05 Ga (Eales, 2001) . South of the Kaapvaal craton is the Proterozoic NamaquaNatal mobile belt, and the Mesozoic Cape fold belt. The late Archaean Witwatersrand basin, which hosts South Africa's major gold deposits, and provides abundant induced seismicity , is situated in the central regions of the Kaapvaal craton. The Lebombo monocline (not shown in Fig. 1 ) associated with the Mesozoic splitting of Gondwanaland forms the eastern margin of the Kaapvaal craton (de Wit et al., 1992) .
Data Selection
The strategy in this work was to construct regional P and S travel-time curves to distances of 20
• to assist improved earthquake locations, and then to determine an average structure of the crust and uppermost mantle to depths of 320 km Wright et al., 2002) . The data used were P and S travel times from local, regional and mininginduced earthquakes, recorded at both the Kaapvaal network and SANSN. The next step was to determine the structure of the upper mantle below 320 km depth, the transition zone and uppermost lower mantle to depths of about 800 km. This was achieved through selection of broad-band seismograms of regional earthquakes at distances up to 34
• having magnitudes greater than 5, recorded at both the Kaapvaal network and permanent broad-band stations in the region (Fig. 1) . 15 of the largest of these were used to determine both P and S wave structure, and are plotted in Fig. 2 .
There are many mining-induced earthquakes that can be used to determine the structure of the crust and uppermost mantle, but very few located tectonic earthquakes. In principle, this enormous quantity of data can be used to define lateral variations in the thickness of the crust and upper mantle wavespeeds in the central regions of the Kaapvaal craton. However, these seismic events are concentrated in three main areas of a few hundred square kilometres, giving a far from ideal situation for reliable determination of structure. Even the use of a simple approach such as the time-term method (Willmore and Bancroft, 1960 ) cannot be used. Nevertheless, some important constraints can be placed on crustal thicknesses and upper mantle wavespeeds, which provide starting models for the crustal tomography. Comparison with the results from receiver functions also yields information on the properties of the lower crust.
The data consist of seismograms from 60 mining-induced tremors recorded by stations of the Kaapvaal network: 20 in each of the Far West and West Rand, Klerksdorp and Welkom areas (most western three asterisks of Fig. 2 ). Events with local magnitudes greater than 3 were used to ensure reasonably strong arrivals to distances of at least 700 km. Epicentres were obtained from mine catalogues . Origin times were derived from the Council for Geoscience earthquake bulletins Graham (1997 Graham ( , 1998 Graham ( , 1999 , and corrected by the methods described by Wright et al. (2002 Wright et al. ( , 2003 . For time picking of first arrivals (Pg or Pn and Sg or Sn), all seismograms were bandpassfiltered between 0.4 and 4.0 Hz and 0.2 and 2.0 Hz, respectively. The map of Fig. 3 shows the Kaapvaal network and the main tectonic elements. A circle is shown with the Klerksdorp mining area as the centre. The Pn times were divided into nine azimuthal sectors R1 to R9 and average Pn wavespeeds calculated to determine if there were azimuthal variations. Since there are no known changes in crustal thickness as a function of distance of the Pn arrivals, the estimated average wavespeeds should not be seriously biased. Each azimuthal sector overlaps its successor. For example, region 5, shown as the shaded sector, runs from the radius marked R5 to that marked R7. There are few stations between east and south of the sources.
Data Analysis and Results

Crust and uppermost mantle
If the Pn times used are confined to stations within the Kaapvaal craton, there is little change in Pn wavespeed as a function of azimuth. As the azimuths change, we also find that there is an abrupt increase in travel times of Pn and Sn to the north of the thick line in Fig. 3 that divides the Kaapvaal craton into two regions. This line forms the boundary between the southern part of the craton that has not been subjected to major tectonism since the Archaean, and the northern regions affected by the Bushveld magmatic event at 2.05 Ga. Table 1 shows the results of fitting regression lines through the Pn data for 20 events in each of the three most active source regions. Results are also shown for Sn from 8 events from all three regions. The calculations show that the upper mantle wavespeeds for P and S are high, averaging about 8.35 and 4.81 km/s. Such high wavespeeds are indicative of highly depleted magnesium-rich peridotites in the subcratonic uppermost mantle. Furthermore, these wavespeeds are significantly higher by about 0.11 and 0.13 km/s respectively than those estimated from peridotite xenoliths found in kimberlite pipes within the craton, even allowing for differences in temperature and pressure (Ben-Ismail et al., 2001) . There are larger intercept times of about 1.3 s and 1.8 s for Pn and Sn respectively for northern stations, indicating that the crust is much thicker beneath these stations than below the southern stations. Figure 4 shows the first arrival times from 20 events in the Far West and West Rand regions with M L > 3, plotted as reduced time against distance. Times to stations in the northern and southern regions are denoted by open and closed squares respectively. Regression lines through the two sets of Pn times at stations that lie within the Kaapvaal craton are shown as grey (north) and black (south) lines respectively. These lines are almost parallel, and separated by about 1.3 s. Both lines have been terminated at the craton margins. A similar pattern of times was found for events from Klerksdorp and Welkom, and for the S wave arrivals. The sharp offset in reduced travel times at distances of around 700 km for southern stations that are beyond the edge of the craton is most probably due to both an increase in crustal thickness in the Namqua-Natal mobile belt (Fig. 1) identified by receiver functions (Nguuri et al., 2001 ) and a reduction in seismic wavespeeds in the uppermost mantle. An alternative and less likely explanation is the presence of a low wavespeed zone within the top 100 km of the mantle .
On the left of Fig. 5 are six receiver functions formed by stacking separate receiver functions for several events (Nguuri et al., 2001) . The P-to-SV conversions (denoted Ps) in the southern part of the Kaapvaal craton are clear, giving well-defined crustal thicknesses. This indicates that the crust-mantle transition is a sharp boundary of a kilometre or so thickness. In contrast, the more complicated receiver functions in the northern part of the craton around the Bushveld complex indicate a thicker crust with a transitional crust-mantle boundary presumably due to underplating during the Bushveld event (Nguuri et al., 2001) . Within the Limpopo belt that was formed during the Late Archaean and separates the Zimbabwe and Kaapvaal cratons, the deep crust is very complicated, and no clear crust-mantle boundary can be resolved. The right part of the figure illustrates the principle of the receiver function method, in which a P arrival at a station on the surface is represented by the ray paths in the Sequence of Steps Used in Deriving P and S Wavespeed Models 1. Assemble P and S times for mining-induced tremors and local and regional earthquakes from distances of 0 to 34°.
2. Correct P and S times for relative origin time errors using a damped leastsquares inversion on P times.
3. Adjust all origin times by using a reference crustal model to ensure that the inferred travel times are zero at zero distance.
4. Construct preliminary smooth wavespeed models by ray tracing and HerglotzWiechert inversion.
5. Identify later arrivals due to mantle discontinuities visually or through phaseweighted stacking, and refine models by matching results with synthetic seismograms (WKBJ method).
6. Check refined model by ray tracing to compare with original times, and make final adjustments. mantle and crust labelled P. The P arrival will be followed by an arrival denoted Ps in which some of the P wave energy arriving at a sharp crust-mantle boundary has been converted to SV waves. Because of the slower S wavespeeds, the Ps energy travels steeper paths to the surface. The measured time difference between the Ps and P arrivals in conjunction with assumed P and S wavespeed variations in the crust and uppermost mantle yield estimates of crustal thickness (Ammon, 1991) , which, for stations of the Kaapvaal network were published by Nguuri et al. (2001) . Important information comes from comparing the crustal thicknesses estimated from receiver functions and from refracted arrivals. Receiver functions at stations within or very close to the margins of the Witwatersrand basin, close to the earthquake sources (Fig. 2) , yield an average value H c of 42 km .
Crustal thicknesses for the central parts of the Kaapvaal craton were estimated from Pn arrivals using a method described by Kwadiba et al. (2003) . By fixing the crustal thickness for one region, the Far West and West Rand, at 43.0 km, a statistical analysis of Pn times assisted by ray tracing yielded estimates of the relative crustal thicknesses below the other two main source regions. These thicknesses were 40.5 and 40.8 km for Klerksdorp and Welkom, respectively. Using these thicknesses for each source region, the thicknesses of the crust were estimated below 19 centrally located stations in the southern part of the Kaapvaal craton. The agreement with the values for receiver functions was good , and the average values for Pn and receiver functions were 38.1 and 37.6 km respectively (Table 2) .
When the same procedure is applied to 19 stations in the northern part of the Kaapvaal craton within or close to the Bushveld complex, the Pn arrivals yield an average thickness of 50.5 km, compared with 43.6 km for the receiver functions: a difference of about 7 km. A possible explanation is that the upper mantle wavespeeds in the north have been overestimated, thereby underestimating the travel times in the mantle, which will be compensated by overestimates of the times to travel through the crust. However, we find no evidence to support this alternative explanation. Sn arrivals give a similar result to Pn. Table 3 summarises how the data were prepared and analysed, and the methods were described by Simon et al. (2003) and Wright et al. (2003) . An important purpose of the present work is to identify rapid increases in seismic wavespeeds or wavespeed gradients that may be associated with major changes in composition, or with phase transformations in which some minerals present in the earth's mantle form more densely-packed structures that are stable at higher pressures. A discontinuous increase in wavespeed produces a triplication in travel times. The interpretation of seismograms is complicated by the difficulty of identifying travel-time branches of a triplication that follow the earliest arrival, because of the presence of signalgenerated-noise that usually masks the later arrivals. An important part of the present research was to use signalprocessing techniques that suppress signal-generated-noise, thereby allowing the identification of the later branches of triplications, which in turn enables reliable constraints to be placed on the changes in wavespeed around the discontinuity. Despite the relatively sparse spatial sampling, this can be accomplished through phase-weighted stacking, which suppresses incoherent noise (Schimmel and Paulssen, 1997; Simon et al., 2002) . The P and S wave models were then refined by matching results with synthetic seismograms calculated by the WKBJ method (Chapman, 1978) . The final stage in the analysis was to check the refined models by ray tracing to compare with the original times and make final adjustments (Table 3) . For observations at short distances (shallow depths), the resulting wavespeed model is representative of the crust and uppermost mantle in the central parts of the Kaapvaal craton around the Witwatersrand basin. The models are predominantly cratonic to depths well below 100 km, but as the depth increases further, the input data contain more information from outside the craton. By 200 km depth, the mid-points of the source-station paths, which tell us the approximate locations of structure, lie outside the margins of the craton in the adjacent mobile belts (Fig. 1) . At greater depths, since there are insufficient data to reliably resolve lateral variations, structure is averaged over a wider and wider region. The concept of averaging over a progressively wider region is illustrated in Fig. 2 , in which the closed circles show mid points for signals which travel within the transition zone and reach the stations as first arrivals, while open circles denote signals that have passed through the uppermost lower mantle. Resolution of lateral variations becomes more difficult as the depth increases. While we can detect small differences in travel-time slopes between earthquakes on the continent and below the oceans, more data would be required for effective quantitative analysis of lateral variations in the deeper parts of the upper mantle and transition zone.
Upper mantle and transition zone 4.2.1 Properties of data
Illustrative Record Sections
Seismograms from six earthquakes north of the Kaapvaal network are displayed at distances between 15
• and 27
• , after application of origin-time corrections and bandpass filtering between 0.4 and 4.0 Hz (Fig. 6 ). Reduced times have been plotted as y coordinates. Also shown are synthetic seismograms for the same range of distances (Chapman, 1978) . The travel-time curve for the final P model is shown in grey. There is a prominent triplication associated with the 410 km discontinuity and a small, poorly-defined triplication associated with the 660 km discontinuity. For each triplication, the later arrivals are not obvious in the seismograms, and their existence has been inferred using the phase-weighted stack (Schimmel and Paulssen, 1997) to suppress incoherent energy Simon, 2003) . Figure 7 shows radial-component seismograms for the same earthquakes as the vertical-component seismograms shown in Fig. 6 , bandpass-filtered between 0.2 and 2.0 Hz, and plotted as reduced times. These S wave arrivals show no evidence of P wave precursors due to SV -to-P conversions at the crust-mantle boundary or other shallow discontinuities, and are generally clearer than the corresponding transverse components (Simon, 2003) . No systematic differences between times measured on the radial and transverse components were detected, so that there is no evidence for anisotropy in the mantle. The lines show the travel-time curves from the final model. The most remarkable feature of the seismograms is the decrease in amplitude beyond 18
• of the first arrival branch, corresponding to energy travelling in the upper mantle above 200 km depth. At a distance of 22
• no energy associated with this branch of the travel-time curve can be detected. This is evidence for a low wavespeed zone in the upper mantle (Simon, 2003) . Phase-weighted stacking shows the presence of a 410 km discontinuity, and a 660 km discontinuity that produces a much more prominent triplication than its P wave counterpart.
Interpretation
Crust and uppermost mantle
Both receiver functions and refracted arrivals from the mantle (Pn and Sn) show that the crust is thicker in the northern part of the Kaapvaal craton. However, the refracted arrivals and receiver functions provide similar thicknesses in the southern part of the craton, but different thicknesses in the north. A possible explanation of the systematically greater thicknesses of the crust estimated by Pn arrivals for the northern part of the Kaapvaal craton is shown schematically in Fig. 8 , which is merely a cartoon to illustrate the concepts. In the southern part of the craton, the receiver functions show clear Ps conversions (Fig. 5) , indicating a sharp crust-mantle boundary. This is satisfactorily explained as a boundary between intermediate granulites and depleted peridotites (Nguuri et al., 2001) . The amplitudes of Ps conversions depend most strongly on the change in S wavespeed at the boundary. The northern part of the Kaapvaal craton was affected by the Bushveld event at 2.05 Ga (Eales, 2001) , which resulted in mafic intrusions that have been mapped over a wide area, and host important deposits of platinum and other valuable metals. The values of the P wavespeed in the uppermost mantle (8.3-8.4 km/s) in Fig. 8 are taken from Table 1. However, all other P and S wavespeeds and densities are estimates based on laboratory estimates on rocks from other parts of the world published by Rudnick and Fountain (1995) and Hurich et al. (2001) . The changes in S wavespeed and density, β and ρ are approximate, since a broad range of possibilities exist for each rock type (Fig. 8) . In the southern part of the craton, changes in S wavespeed and density are roughly 1.0 km/s and 350 kg/m 3 respectively. Now consider the lower crust in the region affected by the Bushveld magmatism, where underplating has almost certainly occurred (Nguuri et al., 2001) . This underplated material is probably mafic granulite. The seismic properties of mafic rocks can vary quite considerably with composition and metamorphic grade under lower crustal conditions (Hurich et al., 2001) . A boundary between intermediate granulite and plagioclase-rich mafic granulite will result in a small change in S wavespeed and a relatively large change in density. At the crust-mantle boundary, however, there will be a large change in S wavespeed with a relatively small change in density. In contrast, plagioclasepoor mafic granulites have seismic properties closer to mantle peridotites. In this situation, the changes in S wavespeed at the top and bottom of the underplated zone may be similar or even larger at the top. The lower crust below the Bushveld complex is likely to be petrologically complicated, but of mafic composition on average, with relatively sharp boundaries at the top and bottom of the underplated region. Receiver functions may therefore be influenced in a complex manner by a predominantly mafic lower crust, and may not yield reliable estimates of crustal thicknesses.
The azimuthal variation of seismic wavespeed has been examined for Pn times, and the result is shown in Fig. 9 . A black curve has been plotted where there are sufficient data, and a grey curve where the data are sparse. There is a maximum of 8.40 km/s at an azimuth of about 15
• , and a minimum of 8.25 km/s in a roughly east-west direction. All we can say is that the results are consistent with the presence of azimuthal anisotropy, since the wave paths are radiating outwards from the Witwatersrand basin like the spokes of a wheel, and we have no criss-crossing paths. The direction of maximum wavespeed does, however, agree reasonably well with that inferred by Silver et al. (2001) from shear-wave splitting for a greater thickness of mantle rocks below the western and central parts of the craton. Figure 10 shows the resulting P and S wave models BPI1A and BPISM on the left and right, respectively. Three other P wave models are shown for comparison. The generalized northern Eurasian model, GNEM, of Ryberg et al. (1998) and the IASP91 model (Kennett, 1991) are included. IASP91 is a reference model that is a weighted global average with more weight given to subcontinental than to suboceanic regions. Finally, the dotted line represents the SATZ Fig. 9 . Polar plot of average wavespeeds for Pn arrivals, using cubic spline interpolation to generate a continuous curve. model of Zhao et al. (1999) for southern Africa, but representative of a region to the north of that of the present study. The grey dots show estimates of P wavespeeds from peridotite nodules collected from kimberlite pipes on the Kaapvaal craton, and published by Qiu et al. (1996) . BPI1A has upper mantle wavespeeds less than GNEM and SATZ to depths of about 220 and 270 km respectively, but higher than IASP91 to depths of 270 km. Below 300 km depth, there is a major discrepancy between SATZ and the other three models, which we believe could be caused by a problem with their method of data analysis . BPI1A has a discontinuity at 420 km depth, about 10 km greater than GNEM or IASP91, and like the other southern African model SATZ, has a rather weakly-defined discontinuity at 660 km. The thickness of the transition zone in BPI1A is 248 km, close to the global average of 241 km (Flanagan and Shearer, 1998) , but the average wavespeeds are slightly higher than in many other regions. In the Eurasian cratonic model GNEM, there is a low wavespeed zone below 220 km depth, for which there is no evidence in the Kaapvaal data for P waves.
P and S Models for Upper Mantle and Transition Zone
On the right, two S wave models in addition to BPISM are shown: the IASP91 (Kennett, 1991) and QSM96 models (Qiu et al., 1996) . The most important features of BPISM are the very high upper mantle wavespeeds to depths of 210 km compared with IASP91 and the underlying low wavepseed zone. Below 210 km, the wavespeeds cannot be accurately determined, and have been constrained with reference to IASP91, plausible petrological models, and the requirement that the depth of the 410 km discontinuity agrees with that of the P wave model. Below depths of about 380 km, BPISM lies very close to the reference model IASP91. The other model for the southern African region, QSM96, derived from surface waves to depths of 450 km, has a large low wavespeed zone, which could be a consequence of assuming isotropic wavespeeds in an anisotropic upper mantle. However, model BPISM, which is representative of the regions off the edges of the Kaapvaal and Zimbabwe cratons requires a low wavespeed zone, but less pronounced and much deeper than in QSM96. The wavespeeds predicted for peridotite xenoliths from kimberlites taken from the paper by Qiu et al. (1996) show somewhat better agreement with BPISM than with their model QSM96.
Model BPISM is similar to the S wave models derived for northern Australia (Dey et al., 1993; Kennett et al., 1994; Kaiho and Kennett, 2000) , which is also part of the former supercontinent of Gondwanaland. In particular, the low wavespeed zone is estimated to start at a depth of 210 km for both regions, suggesting similarity of temperature and possibly composition at these depths. The S wave seismograms of Fig. 7 are also similar to those of figure 6 of Kennett et al. (1994) with rapid decrease in the amplitudes of the S wave energy travelling above the low wavespeed zone at distances greater than 18
• . However, the features of P wave model BPI1A are not like those for northern Australia at depths shallower than 300 km. Furthermore, the 660 km discontinuity for P waves is more prominent beneath northern Australia than in the present work, or in the adjacent region of southern Africa studied by Zhao et al. (1999) .
Discussion
The average thickness of the crust in the Witwatersrand basin, inferred from receiver functions is about 42 km (Table 2), which is consistent with the Pn and Sn travel times from mining-induced events to stations in the southern part of the Kaapvaal craton. This value is also about 4 kilometres greater than the average thickness of the crust in the adjacent regions of the craton: a result that is expected for an intra-cratonic sedimentary basin. However, this thickness of 42 km is about 6-7 km greater than that inferred by Durrheim and Green (1992) and Durrheim (1998) from recordings of mine tremors along refraction lines deployed Fig. 10 . Left-Comparison of P wavespeed models: IASP91 (Kennett, 1991) , SATZ (Zhao et al., 1999) , BPI1A and GNEM (Ryberg et al., 1998) . The grey circles denote values of P wavespeed for mantle xenoliths estimated by Qiu et al. (1996) . Right-Comparison of shear wavespeed models IASP91 (Kennett, 1991) , BPISM and QSM96 (Qiu et al., 1996) . The grey circles denote values of shear wavespeed for mantle xenoliths estimated by Qiu et al. across the Witwatersrand basin, though at different locations from the Kaapvaal stations. While the average wavespeeds in the crust are slightly higher in the present work, they do not account for a difference in average thickness of more than a kilometre or so. The present P and S wavespeeds in the uppermost mantle are also higher by about 0.15-0.25 km/s and 0.1 km/s respectively, which results in systematically greater estimates of crustal thickness of about 2 km than in the older work of Durrheim and Green (1992) and Durrheim (1998) . Thus, only part of the differences in estimates of crustal thicknesses between the receiver functions and the old refraction results can be explained without examining and comparing phase identifications in the old and new work. Future work will use tectonic events to complete a full tomographic inversion for the crust and uppermost mantle using the approach of Zhao et al. (1992) . The database of seismic events recorded by stations of the Kaapvaal network has been searched for additional earthquakes within or close to the network that have not been listed in existing earthquake catalogues. Over 500 such events have been identified and are being used to complete tomographic inversion and further examine evidence for anisotropy.
The average seismic wavespeeds at greater depths in the mantle for the southern African region are lower (8.08-8.30 km/s and 4.67-4.73 km/s between depths of 75 and 120 km respectively) than those resolved by the Pn and Sn arrivals used in the present work and listed in Table 1 (Simon et al., , 2003 Simon, 2003) . The preferred explanation is that the Pn and Sn arrivals define mantle structure in the central regions of the Kaapvaal craton, where there are highly depleted magnesium-rich perodotites. These central regions may possibly define the original 'shield' defined by de Wit et al. (1992) . In contrast, the models for deeper region have been derived from seismic energy that has traversed less depleted peridotites below the margins of the craton and the adjacent mobile belts.
The P and S wave models of the transition zone have a discontinuity at 420 km depth that is slightly lower, but with a wavespeed contrast that is similar to many other regions. There is no evidence for a discontinuity at 520 km depth. The differences in frequency content between the high-frequency P and lower-frequency S arrivals result in the 660 km discontinuity appearing small and transitional rather than sharp for P waves, possibly due to the shorter wavelengths and therefore better resolution of wavespeed gradients (Figs. 6 and 7). However, this is only part of the explanation, since the percentage increase in S wavespeed is greater between depths of 620 and 700 km (8% compared with 5% for P), which is commonly observed across the 660 km discontinuity (see, for example, figure 9 of Kennett et al., 1994) . Ringwood (1994) discussed the possible accumulation of subducted former oceanic crust to form a gravitationally stable layer of garnetite some 50 km thick on top of the 660 km discontinuity: a process that may have been most effective during the Archaean when mantle temperatures were higher. This would result in an increase in P and S wavespeed gradients towards the base of the transition zone with a possible reduction of the wavespeed jump at the 660 km discontinuity. The present P wavespeed model with its transitional 660 km discontinuity compared with some other regions provides some support for such a process having occurred beneath southern Africa. However, Weidner and Wang (2000) have emphasized that ilmenite-forming transformations could be mistaken for a subducted slab resting on top of the 660 km discontinuity. Brudzinski et al. (1997) used seismic profiles to constrain the radial variation in P wavespeed within the transition zone below the northern Philippine Sea. Anomalously high P wavespeeds suggested by tomography were confirmed for a region east of the Ryukyu arc, and lie above the 660 km discontinuity. The anomaly reduces the P wavespeed contrast locally across the 660 km discontinuity, and is attributed to a trapped remnant of subducted Pacific lithosphere. This is an example of the reduction in P wavespeed contrast across the 660 km discontinuity in a modern subduction zone. Intriguing questions concern what happens to the 660 km discontinuity when subducted material remains trapped in the transition zone over periods of a billion years or more, and what causes the 660 km discontinuity beneath southern Africa to be lees pronounced than in most other areas.
Conclusions
Receiver functions and Pn and Sn arrivals provide a consistent picture of crustal thickness variations in the southern part of the Kaapvaal craton. Both methods show that the crust is much thicker in the northern region affected by the Bushveld magmatic event. Pn and Sn times, however, indicate a crust in the northern regions of the Kaapvaal craton that is about 7 km thicker on average than the values estimated from receiver functions. This systematic difference is attributed to the variable elastic properties of mafic rocks that form the lower crust which can change considerably due to differences in metamorphic grade and relatively small changes in composition. This phenomenon can alter the depths of the changes in S wavespeed that cause the main energy conversion from P-to-SV . The Pn and Sn arrivals are therefore believed to provide the more reliable estimates of crustal thicknesses. The consequences of this result for assessment of isotasy now need to be examined. Both Pn and Sn arrival times indicate high seismic wavespeeds at the top of the mantle, implying the presence of highly depleted magnesium-rich peridotites.
Average P and S wavespeed models of the southern African mantle show better agreement with the wavespeeds predicted for peridotite xenoliths than earlier models derived primarily from surface waves. Wavespeeds for P and S are higher than those of IASP91 at depths shallower than 270 and 200 km respectively. A low wavespeed zone for S below 210 km depth outside the Kaapvaal craton is clearly identified from the 'shadow zone' resulting from the diminution of S wave arrival amplitudes at greater than 18
• . There is a prominent discontinuity at 420 km depth, associated with the phase transformation from olivine to the β phase, but no resolvable discontinuity at 520 km. The average P and S wavespeeds across the transition zone are slightly higher than average and about average respectively. The most interesting result is the identification of a prominent discontinuity for S waves at about 668 km depth, with a corresponding discontinuity for P waves that is smaller or involves increased wavespeed gradients over a comparatively broad depth range. Finally, an insufficient number of regional events of magnitude greater than 5 recorded over the 25-month period of the Kaapvaal experiment has made it difficult to reliably resolve lateral variations in the mantle below depths of 100 km.
